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1  |  INTRODUC TION

The use of machine perfusion to preserve donor livers is one of the 
most important advances in liver transplantation in the past decade. 
Hypothermic oxygenated machine perfusion (HOPE) is performed 
at 4–12°C with an acellular perfusion solution at low perfusion pres-
sures and flow rates.1 Hypothermic oxygenation of mitochondria 
induces metabolic programming within 1 h, thereby decreasing mito-
chondrial succinate accumulation and uploading adenosine triphos-
phate levels.2 Reperfusion of livers treated by end-ischemic HOPE 
is, therefore, associated with less oxidative injury and mitochondrial 
damage with subsequently less downstream inflammation.2-4

The results of two recently published randomized controlled trials 
comparing end-ischemic HOPE versus static cold storage (SCS) con-
firm the beneficial effects of this technique on clinical outcomes.5,6 In 
the transplantation of donation after circulatory death (DCD) livers, 
2 h of HOPE after SCS reduced the incidence of ischemia-reperfusion-
related complications after transplantation, including a 68% reduction 
in symptomatic nonanastomotic biliary strictures (NAS), when com-
pared to grafts preserved with SCS alone.5 In the transplantation of 
livers from high-risk donation after brain death (DBD) donors, approx-
imately 2 h of end-ischemic HOPE reduced the incidence of early al-
lograft dysfunction (EAD) and postoperative complications.6

Whereas a brief period (usually 1–2  h) of HOPE after SCS im-
proves post-transplant outcomes, machine perfusion time may 

occasionally be prolonged because of unforeseen transplant logis-
tics. For example, when the donor liver is reallocated to another 
recipient in the last minute, or in the event of a difficult recipient 
hepatectomy.7-9 Good outcomes after prolonged normothermic ma-
chine perfusion (NMP) up to 20 h have been reported previously,10 
but the use of prolonged HOPE is still unexplored. In a preclinical 
study of porcine and discarded human livers, HOPE could succes-
fully be prolonged for up to 24 h, followed by normothermic reper-
fusion.11 However, clinical data are currently lacking and it remains 
unknown whether postoperative outcomes are compromised when 
HOPE is prolonged beyond 2 h.

The objective of this multicenter study was, therefore, to eval-
uate outcomes after transplantation of donor livers preserved by 
prolonged (≥4 h) HOPE. We hypothesize that good outcomes after 
prolonged HOPE can be achieved, which are comparable to those 
previously reported for regular HOPE.

2  |  METHODS

2.1  |  Study design

European liver transplant centers with a clinical HOPE program were 
approached for participation in this multicenter observational cohort 
study. All cases of prolonged (≥4  h) HOPE-preserved donor livers 
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static cold storage is safe and reduces ischemia-reperfusion injury-related complica-
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planted with a liver preserved by prolonged (≥4 h) HOPE. Postoperative biochemistry, 
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12 European transplant centers between 2014–2021. The most common reason to 
prolong HOPE was the lack of an available operating room to start the transplant 
procedure. Grafts underwent HOPE for a median (range) of 4:42  h (4:00–8:35  h) 
with a total preservation time of 10:50 h (5:50–20:50 h). Postoperative peak ALT was 
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for safe extension of the preservation time to ease transplantation logistics.
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and recipients were eligible for inclusion in the study. There were 
no exclusion criteria. The study was designed as a stage 1 study ac-
cording to the IDEAL-D (Idea, Exploration, Assessment, Long-term 
study outcomes for Devices) framework.12-14 IDEAL stage 1 (‘Idea’) 
studies describe the first use of a procedure or device, either as a 
planned or unplanned approach with short-term clinical outcomes 
as endpoints. The study was approved by the Institutional Review 
Board of the University Medical Center Groningen (RR 202100366) 
and adhered to the Declaration of Helsinki and the Declaration of 
Istanbul. The first and last authors had full access to all data in the 
study and take responsibility for its integrity and the data analysis. 
The study complied with the STROBE (Strengthening the Reporting 
of Observational Studies in Epidemiology) guidelines.15

2.2  |  Liver procurement, preservation, and 
transplantation

Donor livers were obtained, preserved, and transported to recipient 
transplant centers according to standard national practice. The trans-
plantation surgery and postoperative care were performed accord-
ing to standard local practice. According to national legislation, livers 
from DCD donors in Italy were retrieved with in situ normother-
mic regional perfusion. The Liver Assist device (XVIVO), VitaSmart 
(Medica), or a custom-made device by the Bergamo group was used 
for end-ischemic HOPE of the liver. The devices enable pressure-
controlled, single or dual perfusion using a centrifugal pump or roller 
pump to provide a continuous flow through the portal vein and, in 
case of dual perfusion, a pulsatile flow through the hepatic artery. 
The Bergamo devices was based on a heart-lung machine combined 
with an oxygenator with heat-exchange performance (Quadrox-i) and 
a cardiotomy reservoir (VHK). The perfusion systems were filled with 
an acellular preservation solution. The perfusion pressure was set 
to 20–30 mmHg in the hepatic artery and 3–9 mmHg in the portal 
vein. The temperature of the perfusion fluid was maintained between 
8–12°C. Oxygenation of the perfusion solution was provided by 
membrane oxygenators supplying 100% oxygen to the preservation 
solution to target partial oxygen pressures of at least 70 kPa. Livers 
included in this study were perfused for at least 4 h.

2.3  |  Survey

An online questionnaire was sent to the program leader from each 
participating center. The survey included 10 questions about the 
centers’ experience with HOPE and the surgeon's view on prolonged 
HOPE.

2.4  |  Data collection

Data were collected at each center and anonymously stored in a sin-
gle electronic database. Donor and recipient characteristics included 

age, the body mass index (BMI), the model for end-stage liver disease 
(MELD) score, the donor risk index (DRI), the Eurotransplant DRI 
(ET-DRI), and the balance of risks (BAR) score. The DRI is calculated 
based on the following donor characteristics: age, race, height, cause 
of death, DCD, and whether it was a partial or split graft.16 By adding 
the latest laboratory gamma-glutamyl transferase (yGT) of the donor 
and rescue allocation, the ET-DRI was developed.17 The BAR score 
is calculated based on the following variables: MELD score, retrans-
plantation, whether the recipient was on life support preoperatively, 
recipient age, cold ischemia time, and donor age.18 Postoperative 
outcomes included the occurrence of post-reperfusion syndrome 
(PRS) (as defined below), postoperative laboratory values up to day 
7 (lactate, aspartate aminotransferase [AST], alanine aminotrans-
ferase [ALT], yGT, bilirubin, creatinine, and international normalized 
ratio [INR]), intensive-care and total hospital length of stay, primary 
non-function (PNF), EAD, portal vein or hepatic artery thrombosis, 
NAS, acute kidney injury (AKI), complications according to Clavien-
Dindo grading, and 1-year graft and patient survival.

2.5  |  Definitions

Post-reperfusion syndrome was defined as (1) a decrease in mean ar-
terial blood pressure ≥30 mmHg below baseline, lasting for ≥1 min, 
within 5 min after reperfusion (Aggarwal criteria19), or (2) a fall in mean 
arterial blood pressure on reperfusion <50  mmHg either sustained 
≥30  min and/or requiring ≥0.15  µg/kg/min norepinephrine, >2  U/h 
vasopressin, or infusion of epinephrine (Watson crtiteria20). Primary 
nonfunction was defined as nonlife sustaining graft function leading 
to graft loss or retransplantation within the first week after liver trans-
plantation. Both the definition of EAD according to Olthoff et al.21 as 
well as a modified machine perfusion EAD (mpEAD) were used. Since 
the definition of EAD according to Olthoff et al. was coined prior to 
the introduction of machine perfusion, it does not take into account 
the so-called washout effect of liver transaminases during/after ma-
chine perfusion (ILTS guidelines 202122). Hence, transaminases are 
likely to be lower in recipients transplanted by a machine-perfused 
graft. The mpEAD was defined as the presence of 1 or more of the fol-
lowing on postoperative day 7: bilirubin ≥10 mg/dl, INR ≥1.6, or lactate 
≥2 mmol/L in the absence of vascular complications. Vascular throm-
bosis was defined as a radiologically or surgically proven thrombus of 
the portal vein or hepatic artery. NAS were defined as any nonanas-
tomotic biliary complication leading to surgical or endoscopic inter-
vention within 12 months after liver transplantation, in the absence 
of concomitant hepatic artery thrombosis, or anastomotic stenosis.23 
Biliary leakage was defined as fluid with an elevated bilirubin level in 
the abdominal drain or intra-abdominal fluid on or after postoperative 
day three or the need for radiological intervention owing to biliary col-
lections or relaparotomy due to biliary peritonitis.24

Acute kidney injury was defined as (1) increase serum creati-
nine by ≥0.3 mg/dl within 48 h after transplantation or, (2) increase 
in serum creatinine ≥1.5 times baseline, or (3) urine volume <0.5 ml/
kg/h for 6 h.25 Graft survival was defined as the time between liver 
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transplantation and retransplantation or death. Graft survival was cen-
sored for patients dying with a functional graft. Patient survival was 
defined as the time between liver transplantation and all-cause death.

2.6  |  Statistical analysis

Continuous variables are expressed as median and interquartile 
range, unless stated otherwise. Categorical variables are expressed 
as frequencies and proportions (%). Kaplan–Meier survival curves 
were used to graphically depict patient and graft survival. In one su-
banalysis, outcomes after prolonged HOPE were compared between 
DBD and DCD livers. Another subanalysis compared outcomes after 
prolonged single HOPE versus dual HOPE. Categorical variables 
were compared using Chi-square test and continuous variables with 
a Mann–Whitney U test. p-values < .05 were considered statistically 
significant. Data were analyzed with IBM SPSS Statistics version 24 
(IBM Corporation) and Prism 8.

3  |  RESULTS

3.1  |  Study population

A total of 93 patients were transplanted with a donor liver after pro-
longed HOPE. In this cohort, the median donor age was 57 (50–68) 
years and 46% of livers were from DCD donors (Table 1). In case of DCD 
liver donation, median functional warm ischemia time was 32 (26–52) 
minutes. The median DRI and ET-DRI scores were 2.24 (1.88–2.45) and 
1.96 (1.81–2.30), respectively. The median recipient age was 59 (53–
65) years and the majority was male (78%). Prior to liver transplanta-
tion, the median BAR score was 5 (3–8). The most common indications 
for liver transplantation were alcoholic cirrhosis (22%), hepatocellular 
carcinoma (17%), and nonalcoholic steatohepatitis (16%).

3.2  |  Survey outcomes and center characteristics

Twelve transplant centers in 6 European countries (the Netherlands, 
Germany, Belgium, Italy, Switzerland, and France) contributed to 
the study. The median number of liver transplantations performed 
per year in the participating centers was 80 (60–130) (Table S1). In 
5 centers, both single and dual vessel HOPE were performed, and 
in the other centers either single HOPE (n = 4) or dual HOPE (n = 3) 
was performed. In the participating centers, the median proportion 
of livers preserved by HOPE was 30% (8%–100%) for DCD livers and 
23% (16%–29%) for DBD livers. A dedicated on-call organ perfusion-
ist team was available for machine perfusion in 8 out of 12 centers. 
Among the surveyed surgeons, the reported duration up to which 
they would currently feel comfortable perfusing a liver with HOPE 
averaged 6  h. For prolonged machine perfusion in particular, dual 
HOPE was preferred over single HOPE by 8 out of 12 centers.

TA B L E  1  Baseline characteristics

Characteristics

Patients (n = 93)
n (%) or median
(IQR)

Donor

Age—year 57 (50–68)

Male sex—no. (%) 60 (65%)

Body mass index—kg/m2 25 (23–28)

Type of donor—no. (%)

DBD 50 (54%)

DCD 43 (46%)

Donor Risk Indexa 2.24 (1.88–2.45)

Eurotransplant Donor Risk Indexb 1.96 (1.81–2.30)

Recipient

Age—year 59 (53–65)

Male sex—no. (%) 73 (78%)

Body-mass index—kg/m2 27 (23–29)

Laboratory MELD scorec 12 (9–19)

Balance of risk scored 5 (3–8)

Indication for transplantation—no. (%)

Alcoholic cirrhosis 20 (22%)

HCC 16 (17%)

NASH 15 (16%)

HCV 14 (15%)

HBV 6 (6.5%)

Cholangiopathy 7 (7.5%)

Retransplantation 3 (3.2%)

AIH 2 (2.2%)

Other 10 (11%)

Child Pugh Score—no. (%)

A 36 (39%)

B 33 (35%)

C 21 (23%)

Missing 3 (3.2%)

Machine perfusion

Type of machine perfusion—no. (%)

HOPE 38 (41%)

DHOPE 55 (59%)

Indication for prolonged HOPE—no. (%)

Operating room logistics 34 (37%)

Difficult recipient hepatectomy 27 (29%)

Uncontrolled DCD in Italy 18 (19%)

Change of recipient 10 (11%)

Split liver on the pump 4 (4.3%)

Portal venous pressure—mmHg 4 (3–5)

Hepatic artery pressure—mmHg 25 (24–25)

Portal venous flow start—ml/min 230 (140–310)

Portal venous flow end—ml/min 251 (150–486)
(Continues)
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3.3  |  Preservation time

Median SCS time prior to machine perfusion was 5:31 h (range 1:39–
13:43  h). Median duration of prolonged HOPE was 4:42  h (range 
4:00–8:35 h). The median total out-of-body preservation time was 
10:50 h (range 5:50–20:50 h) (Figure 1).

3.4  |  Hypothermic oxygenated machine perfusion

Fifty-nine percent of livers were preserved with dual HOPE, compared 
with 41% single HOPE. The most common reason to prolong HOPE 
was for unforeseen operating room logistics (37%). Median pressure 
settings for machine perfusion were 4 mmHg (3–5 mmHg) in the portal 
vein and 25 mmHg (24–25 mmHg) in the hepatic artery. Flow in the 
portal vein increased from 230 ml/min (140–310 ml/min) after initiation 
of machine perfusion to 251 ml/min (150–486 ml/min) before discon-
nection. Flow in the hepatic artery increased from 49  ml/min (38–
82 ml/min) to 75 ml/min (66–115 ml/min). The median temperature of 
the preservation solution was 9°C.

3.5  |  Postoperative outcomes

The median follow-up time was 19 months (6–33 months). In the 
first 7 days after liver transplantation, peak ALT was 675 IU/L (419–
1378 IU/L) and peak AST was 1130 IU/L (722–2517 IU/L) (Figure 2). 
Levels of yGT peaked around postoperative day 7 and were low at 
1 and 3 months after liver transplantation. Bilirubin levels were low 

at 1 and 3 months after liver transplantation. The incidence of PRS 
was 12% (Table  2). Twenty-four hours after reperfusion, median 
lactate concentration was 1.3 mmol/L (1.0–2.3 mmol/L). One graft 
was lost due to PNF (1%), 33 grafts (36%) met the criteria for EAD 
according to Olthoff criteria, and 13 grafts (14%) met the criteria 
according to the mpEAD. One graft developed a thrombus of the 
portal vein (1%) and 2 grafts (2%) were retransplanted for HAT. For 
4 patients (4%), CVVH was required after they developed postop-
erative AKI. Within 12 months after liver transplantation, 1 patient 
developed NAS in the transplanted graft. The median duration of 
stay on the ICU was 4 days (2–7 days) and the total hospital length 
of stay was 19 days (14–29 days). Actuarial 1-year graft survival was 
93.5%, and patient survival was 88.2% (Figure  3). No serious ad-
verse device events or device malfunctions were reported.

In a subanalysis, outcomes after prolonged HOPE of 43 DCD ver-
sus 50 DBD grafts were compared (Table 3). Inherent to DCD liver 
transplantation, the incidence of PRS was higher, when compared to 
transplantation of DBD grafts, albeit not reaching significance (19% 
vs. 6%, p = .053). There were no major differences in other postoper-
ative outcomes between recipients of DCD or DBD livers, including 
PNF (0% vs. 2%, p = .35), EAD (40% vs. 32%, p = .45), and NAS (0% 
vs. 2%, p = .35). One DCD liver recipient underwent retransplanta-
tion versus four DBD liver recipients (p = .23). When comparing out-
comes after transplantation of livers preserved by prolonged HOPE 
or DHOPE, no major differences were found (Table S2).

4  |  DISCUSSION

An increasing number of transplant centers worldwide have im-
plemented a short (1–2 h) period of HOPE after conventional cold 

Characteristics

Patients (n = 93)
n (%) or median
(IQR)

Hepatic artery flow start—ml/min 49 (38–82)

Hepatic artery flow end—ml/min 75 (66–115)

Temperature—°C 9 (7–10)

Oxygenation—kPa 97 (81–106)

Abbreviations: AIH, autoimmune hepatitis; DBD, donation after brain 
death; DCD, donation after circulatory death; HBV, viral hepatitis B; 
HCC, hepatocellular carcinoma; HCV, viral hepatitis C; MELD, model for 
end-stage liver disease; NASH, nonalcoholic steatohepatitis.
aThe donor risk index includes seven donor and graft characteristics 
that are significantly and independently associated with increased 
failure of deceased donor liver transplants.16

bThe Eurotransplant donor risk index was based on the donor risk 
index by adding the latest laboratory yGT of the donor and rescue 
allocation.17

cThe laboratory MELD score ranges from 6 to 40 with higher scores 
indicating more advanced disease.
dThe balance of risk score is a scoring system that was developed to 
detect unfavorable combinations of donor and recipient factors on the 
risk of graft failure after liver transplantation.18

TA B L E  1  (Continued)

F I G U R E  1  Preservation times in hours. Static cold storage 
time was defined as the time between in situ cold donor flush and 
connection to machine perfusion. Total preservation time was 
defined as the time from in situ cold donor flush and reperfusion in 
the recipient. Shown here are individual values and the median with 
interquartile range. HOPE, (dual) hypothermic oxygenated machine 
perfusion; SCS, static cold storage [Color figure can be viewed at 
wileyonlinelibrary.com]
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storage to resuscitate donor livers prior to transplantation. Despite 
limited clinical data, machine perfusion is occasionally prolonged, 
mostly because of unforeseen logistical issues at the recipient 
center. This is the first study on the outcomes after transplantation 
of donor livers preserved by prolonged HOPE in a large multicenter 
observational cohort. We demonstrate that good outcomes may be 
achieved after prolonged HOPE, with total preservation times up to 
almost 21 h.

The present study reveals that the majority of grafts rapidly clear 
lactate after reperfusion and reach a physiological INR at postoper-
ative day 1. Low peak transaminase levels were observed in the first 
postoperative week and bilirubin was low at 1 and 3 months after 
liver transplantation. These patterns in postoperative biochemistry 
are comparable to previously published studies investigating short-
term HOPE.5,6,26,27,28 While machine perfusion time was more than 
doubled compared with machine perfusion preservation times in the 
DHOPE-DCD and HOPE ECD-DBD clinical trials, equivalent postop-
erative outcomes are observed.5,6 In particular, we show equally low 
rates of vascular and biliary complications and excellent graft and 
patient survival (Tables S3 and S4). Outcomes after prolonged HOPE 
are also comparable to the benchmark outcome values in DBD 
(Table S3) and DCD (Table S4) liver transplantation of non-machine 
perfused grafts.29,30 While prolonged cold ischemia is a well-known 
risk factor for postoperative complications in DCD liver transplanta-
tion, the results of this study suggest HOPE can be used to prolong 
preservation time without impairing postoperative outcome.

The results of the present study show that the combination 
of SCS and prolonged HOPE is safe in liver grafts with high risks 

and achieves comparable outcomes as low risk benchmark cohorts, 
which may have several clinical implications. In clinical practice, there 
is a need for an extension of the preservation time due to the lack 
of intensive care beds or to bridge theater capacity (frequently from 
early morning hours to mornings or noon), where the here described 
approach with a median overall preservation time of 11 h appears 
very beneficial. Additionally, the indication for machine perfusion 
could be recipient-orientated rather than based on donor charac-
teristics only. This way, grafts can be preserved by HOPE during a 
difficult recipient hepatectomy with less time pressure. Answers to 
the survey in this study include the potential of prolonged HOPE to 
accept two livers at the same time (so that one graft is preserved 
longer with HOPE), or to enable transplantation at daytime.

Prolonged preservation has previously been achieved clinically 
using NMP, or by supercooling in an experimental setting.10,31,32 
Previous studies showed that NMP enables a prolongation of liver 
preservation and overnight organ care.10,33 The results of the pres-
ent study suggest that similar results can be achieved with HOPE. 
Prolonged preservation by HOPE compared with NMP, can be ad-
vantageous since the organ is maintained in a hypometabolic state 
with minimal production of coagulation factors and waste products, 
reducing the need to adjust the perfusate composition, minimizing 
labor and reducing resources. Moreover, in case the perfusion sys-
tem fails (e.g., failure of the oxygenator), the liver would still be pre-
served at hypothermia, limiting the risk of warm ischemia-induced 
injury and graft loss. By experimental supercooling of discarded 
human livers to −4°C, the total preservation time was successfully 
extended to 27 h.34 The Zürich group reported 1-week preservation 

F I G U R E  2  Postoperative biochemistry. 
Levels of AST (A), ALT (B), yGT (C), and 
total bilirubin (D) in the first postoperative 
week and at 1 and 3 months after liver 
transplantation. Shown here are the 
median and interquartile range. ALT, 
alanine aminotransferase; AST, aspartate 
aminotransferase; yGT, gamma-glutamyl 
transferase [Color figure can be viewed at 
wileyonlinelibrary.com]
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of human livers with their custom-made normothermic perfusion 
device.32 Both techniques, however, are still in a preclinical phase.

A limitation of this study is its retrospective design. Based on this, 
there are inherent differences in organ procurement and implan-
tation techniques between the centers contributing to this study. 
Despite such variations in center practice, all transplants performed 
with prolonged HOPE led to excellent outcomes across different 
technical variations (HOPE and DHOPE) and intra-posttransplant 
management. While this study includes livers preserved by both 
prolonged HOPE and DHOPE, preclinical studies suggest that both 
techniques are equally effective.35,36 A formal matched control 
group was not included in this study, but outcomes were compared 
to previously published studies instead. The descriptive nature of 
the study is in line with the IDEAL-D framework for translational 

device studies in Stage 1 (“Idea”). Notably, there is currently no con-
sensus on the definition of “prolonged” machine perfusion. The cut-
off at 4 h in the present study was based on a doubling of the current 
standard machine perfusion time of 2 h.

To further investigate the safety and feasibility of prolonged 
DHOPE, we have initiated a prospective, pseudo-randomized, clin-
ical trial (IDEAL-D stage 2) comparing prolonged DHOPE (≥4 h) to 
regular short-term (1–2 h) DHOPE (DHOPE-PRO trial, NTR NL8740; 
www.trial​regis​ter.nl).37

We conclude that good outcomes can be achieved after trans-
plantation of donor livers preserved with prolonged (median 4:42 h) 
HOPE in experienced centers, leading to a total preservation time of 

TA B L E  2  Outcomes after liver transplantation (n = 93 patients)

Event
n (%) or median 
(IQR)

Post-reperfusion syndromea 11 (12%)

Serum lactate—mmol/L

Peak lactate after reperfusion 4.5 (2.9–6.4)

Lactate 24 h after reperfusion 1.3 (1.0–2.3)

Peak transaminases—IU/L

ALT 675 (419–1378)

AST 1130 (722–2517)

Primary non-functionb 1 (1.1%)

Early allograft dysfunctionc 33 (35%)

Machine perfusion-early allograft dysfunctiond 13 (14%)

Vascular complications

Portal vein thrombosise 1 (1.1%)

Hepatic artery thrombosisf 2 (2.2%)

Kidney failure requiring CVVHg 4 (4.3%)

Duration of stay—days

In the intensive care unit 4 (2–7)

In the hospital 19 (14–29)

Biliary complications

Non-anastomotic biliary stricturesh 1 (1.1%)

Anastomotic biliary stricture 3 (3.2%)

Biliary leakagei 4 (4.3%)

Postoperative complicationsj

Clavien-Dindo 3B 12 (13%)

Clavien-Dindo 4A 14 (15%)

Clavien-Dindo 4B 5 (5.4%)

Clavien-Dindo 5 4 (4.3%)

Retransplantation within 1 year 5 (5.4%)

Primary non-function 1 (1.1%)

Hepatic artery thrombosis 2 (2.2%)

Portal vein thrombosis 1 (1.1%)

Multi-organ failure with secondary liver 
failure

1 (1.1%)

Event
n (%) or median 
(IQR)

Patient death within 1 year 6 (6.5%)

Multi-organ failure 1 (1.1%)

Small-cell lung carcinoma 1 (1.1%)

Myocardial infarction 1 (1.1%)

Sepsis 1 (1.1%)

Aspergillosis pneumonia 1 (1.1%)

Duodenal perforation with erosive bleeding 1 (1.1%)

Abbreviations: ALT, alanine aminotransferase; AST, aspartate 
aminotransferase; CVVH, continuous veno-venous hemofiltration.
aHemodynamic instability after reperfusion defined as post-reperfusion 
syndrome with a decrease in mean arterial pressure >30% below 
baseline, lasting for ≥1 min, within 5 min after reperfusion (Aggarwal 
criteria6), or as vasoplegia with a fall in mean arterial pressure on 
reperfusion to <50 mmHg either sustained >30 min and/or requiring 
>0.15 µg/kg/min norepinephrine, >2 U/h vasopressin, or infusion of 
epinephrine (significant hypotension resistant to pressors).
bNonlife sustaining graft function leading to graft loss or 
retransplantation within 7 days after liver transplantation.
cPresence of one or more of the following: bilirubin ≥10 mg/dl on 
postoperation day 7, INR ≥1.6 on postoperative day 7, and ALT or AST 
>2000 IU/L within the first 7 days (Olthoff criteria).
dPresence of 1 or more of the following: bilirubin ≥10 mg/dl on 
postoperative day 7, INR ≥1.6 on postoperative day 7, lactate 
≥2 mmol/L on postoperative day 7 in the absence of vascular 
complications (mpEAD).
eRadiologically or surgically proven thrombosis of the portal vein within 
12 month after liver transplantation.
fRadiologically or surgically proven thrombosis of the hepatic artery 
within 12 months after liver transplantation.
gKidney failure defined as (1) increase serum creatinine by ≥0.3 mg/
dl within 48 h after transplantation or (2) increase in serum creatinine 
≥1.5 times baseline or (3) urine volume <0.5 ml/kg/h for 6 h. Assessed 
within 30 days after liver transplantation.
hRadiological appearance of irregularities and beading dilatation of the 
intrahepatic bile ducts and/or the presence of cavitations and bile lakes 
leading to surgical or endoscopic intervention within 12 months after 
liver transplantation.
iBiliary leakage as defined by the International Study Group for Liver 
Surgery.24

jThe complication with the highest grade according to Clavien-Dindo 
was scored. Complications were assessed within 30 days after liver 
transplantation.

TA B L E  2  (Continued)

http://www.trialregister.nl
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F I G U R E  3  One-year graft and patient 
survival after liver transplantation. 
Kaplan–Meier survival curves are shown 
for 1-year patient (A) and graft (B) 
survival. Dashed lines represent the 95% 
confidence interval [Color figure can be 
viewed at wileyonlinelibrary.com]

TA B L E  3  Outcomes after liver transplantation in recipients of grafts from DBD versus DCD donors (n = 93 patients)

Event

DBD
(n = 50)
n (%) or median (IQR)

DCD
(n = 43)
n (%) or median (IQR) p-value

Post-reperfusion syndromea 3 (6.0%) 8 (19%) .053

Serum lactate—mmol/L

Peak lactate after reperfusion 4.9 (3.3–7.2) 3.8 (2.7–5.6) .117

Lactate 24 h after reperfusion 1.2 (1.1–2.0) 1.4 (1.0–2.6) .948

Peak AST—IU/L 997 (619–2517) 1306 (792–2647) .146

Peak ALT—IU/L 671 (335–1097) 706 (450–1907) .195

Primary nonfunctionb 1 (2.0%) 0 (0.0%) .351

Early allograft dysfunctionc 16 (32%) 17 (40%) .449

Machine perfusion-early allograft dysfunctiond 7 (14%) 6 (14%) .995

Vascular complications

Portal vein thrombosise 1 (2.0%) 0 (0.0%) .351

Hepatic artery thrombosisf 2 (4.0%) 0 (0.0%) .185

Nonanastomotic biliary stricturesg 1 (2.0%) 0 (0.0%) .351

Kidney failure treated with CVVHh 2 (4.0%) 2 (4.7%) .300

Median duration of stay—days

In the intensive care unit 5 (3–9) 4 (2–6) .030

In the hospital 19 (13–36) 19 (15–27) .551

Retransplantation within 1 year 4 (8.0%) 1 (2.3%) .226

Patient death within 1 year 4 (8.0%) 2 (4.7%) .484

Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CVVH, continuous veno-venous hemofiltration; DBD, donation after 
brain death; DCD, donation after circulatory death; mpEAD, machine perfusion early allograft dysfunction.
aHemodynamic instability after reperfusion defined as post-reperfusion syndrome with a decrease in mean arterial pressure >30% below baseline, 
lasting for ≥1 min, within 5 min after reperfusion (Aggarwal criteria6), or as vasoplegia with a fall in mean arterial pressure on reperfusion to 
<50 mmHg either sustained >30 min and/or requiring >0.15 µg/kg/min norepinephrine, >2 U/h vasopressin, or infusion of epinephrine (significant 
hypotension resistant to pressors).7
bNonlife sustaining graft function leading to graft loss or retransplantation within 7 days after liver transplantation.
cPresence of 1 or more of the following: bilirubin ≥10 mg/dl on postoperative day 7, INR ≥1.6 on postoperative day 7, and ALT or AST >2000 IU/L 
within the first 7 days.21

dPresence of 1 or more of the following: bilirubin ≥10 mg/dl on postoperative day 7, INR ≥1.6 on postoperative day 7, lactate ≥2 mmol/L on 
postoperative day 7 in the absence of vascular complications (mpEAD).
eRadiologically or surgically proven thrombosis of the portal vein within 12 month after liver transplantation.
fRadiologically or surgically proven thrombosis of the hepatic artery within 12 months after liver transplantation.
gRadiological appearance of irregularities and beading dilatation of the intrahepatic bile ducts and/or the presence of cavitations and bile lakes 
leading to surgical or endoscopic intervention within 12 months after liver transplantation.
hKidney failure defined as (1) increase serum creatinine by ≥0.3 mg/dl within 48 h after transplantation or (2) increase in serum creatinine ≥1.5 times 
baseline or (3) urine volume <0.5 ml/kg/h for 6 h. Assessed within 30 days after liver transplantation.25
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almost 21 h. These results suggest that simple, end-ischemic HOPE 
may be utilized for safe extension of the preservation time to ease 
transplantation logistics.
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